Rescue of heart lipoprotein lipase-knockout mice confirms a role for triglyceride in optimal heart metabolism and function. Am J Physiol Endocrinol Metab 305: E1339 -E1347, 2013. First published October 1, 2013; doi:10.1152/ajpendo.00349.2013.-Hearts utilize fatty acids as a primary source of energy. The sources of those lipids include free fatty acids and lipoprotein triglycerides. Deletion of the primary triglyceride-hydrolyzing enzyme lipoprotein lipase (LPL) leads to cardiac dysfunction. Whether heart LPL-knockout (hLPL0) mice are compromised due a deficiency in energetic substrates is unknown. To test whether alternative sources of energy will prevent cardiac dysfunction in hLPL0 mice, two different models were used to supply nonlipid energy. 1) hLPL0 mice were crossed with mice transgenically expressing GLUT1 in cardiomyocytes to increase glucose uptake into the heart; this cross-corrected cardiac dysfunction, reduced cardiac hypertrophy, and increased myocardial ATP. 2) Mice were randomly assigned to a sedentary or training group (swimming) at 3 mo of age, which leads to increased skeletal muscle production of lactate. hLPL0 mice had greater expression of the lactate transporter monocarboxylate transporter-1 (MCT-1) and increased cardiac lactate uptake. Compared with hearts from sedentary hLPL0 mice, hearts from trained hLPL0 mice had adaptive hypertrophy and improved cardiac function. We conclude that defective energy intake and not the reduced uptake of fat-soluble vitamins or cholesterol is responsible for cardiac dysfunction in hLPL0 mice. In addition, our studies suggest that adaptations in cardiac metabolism contribute to the beneficial effects of exercise on the myocardium of patients with heart failure. triglyceride; heart failure; glucose; lactate; energetics; glucose transporters IN THE HEALTHY ADULT HUMAN HEART, most of the energy required for normal cellular processes is derived from the uptake and oxidation of fatty acids (FAs), with the remainder being contributed by glucose, lactate, and amino acids (36). FAs are delivered to the heart either as free fatty acids (FFAs) conjugated to albumin or via lipoprotein lipase (LPL)-mediated hydrolysis of lipoproteins, with subsequent uptake by FAT/CD36, other FA transporters, and nonreceptor mediated pathways (5).
IN THE HEALTHY ADULT HUMAN HEART, most of the energy required for normal cellular processes is derived from the uptake and oxidation of fatty acids (FAs), with the remainder being contributed by glucose, lactate, and amino acids (36) . FAs are delivered to the heart either as free fatty acids (FFAs) conjugated to albumin or via lipoprotein lipase (LPL)-mediated hydrolysis of lipoproteins, with subsequent uptake by FAT/CD36, other FA transporters, and nonreceptor mediated pathways (5) .
Cardiomyocyte deletion of LPL (hLPL0) leading to reduced triglyceride (TG) lipolysis increased cardiac glucose uptake and reduced expression of several peroxisomal proliferatoractivated receptor (PPAR) regulated genes (1) . hLPL0 hearts developed reduced ejection fraction (2) and were unable to compensate when subjected to increased afterload due to aortic coarctation or hypertension (56) . These data suggest that TG is an important source of lipid for cardiac energy.
In heart failure, traditional cardiac substrate usage of FAs is perturbed, and as a result the heart shifts away from FA oxidation to glucose utilization. These changes in heart energy use have been studied experimentally in isolated hearts using buffers containing FFAs (35) . Whether this change in substrate preference is beneficial is unknown. It is estimated that to produce equivalent amounts of ATP, 10 molecules of glucose need to be oxidized for every molecule of FA (28) . But if oxygen is limited, the heart performs 40% more efficiently with glucose (31) . Thus, in the setting of ischemia and infarction, the heart's preference for glucose may be beneficial, but in heart failure this shift may be detrimental. In support of this, increased FA delivery to the heart through high-fat diets was found to be beneficial in rats with myocardial infarction and pressure overload-induced cardiac dysfunction (10, 41) . In addition, a high-fructose diet rather than high-fat feeding increased mortality in hypertensive rats (42) . Similarly, clinical investigators found that the antilipolytic drug acipimox, which reduces FA oxidation and enhances glucose utilization, worsened left ventricular function in patients with idiopathic dilated cardiomyopathy (51) or did not improve function in a more generalized group of heart failure subjects (20) . This suggests that reduced lipid uptake and usage in the setting of heart failure may be a maladaptive response.
Treatment of heart failure has focused on pharmacological agents to attenuate ventricular remodeling and decrease cardiac workload. Mechanisms by which nonpharmacological interventions such as exercise bring about improvements in heart failure are not fully understood. Regular exercise can improve cardiac function by enhancing glycolysis and oxidative metabolism (9, 45) . This may be attributed to the increase in cardiac mass that occurs with exercise and not changes in cardiac substrate usage (39) . Other studies suggest that training improves FA utilization by the heart (8, 49) . Whether FAs or glucose are needed for both hypertrophy and improved cardiac function is not known. If reduced FA utilization has deleterious effects on the failing heart, then promoting myocardial FA usage through exercise should help restore cardiac function, whereas the inability to use FAs should prevent any exercisederived benefits.
To elucidate the importance of TG-derived FA uptake on heart function and whether the uptake of alternative energy substrates can compensate for their loss, we studied heartspecific LPL-knockout (denoted hLPL0) mice in which glucose uptake was augmented by introduction of a cardiomyocyte-specific GLUT1 transgene (MHC-GLUT1). Although this transgene leads to a marked increase in glucose uptake in isolated perfused hearts (Ͼ40-fold) (33) , its effects on metabolism in vivo had not been determined. In addition, we studied whether training induces adaptive cardiac hypertrophy in hLPL0 mice and whether these animals have a defect in exercise-induced cardiac function. Our studies show that both exercise and the MHC-GLUT1 transgene improve heart function in hLPL0 mice and establish that defective cardiac TG metabolism induces heart dysfunction that can be corrected by the provision of alternative sources of fuel.
METHODS
Experimental animals. hLPL0 and MHC-GLUT1 mice have been described previously (2, 33) . MHC-GLUT1 mice were crossed with hLPL0 and then with Lpl flox/flox mice to produce MHC-GLUT1/ hLPL0 and littermate controls that were MHC-GLUT1/Lpl flox/flox and Lpl flox/flox . Hearts from these mice were assessed by echocardiography, gene expression, and lipids, as described below. Female mice were used to assess cardiac function in MHC-GLUT1-TG and GLUT1/hLPL0 mice.
Exercise protocol. Three-month-old male hLPL0 mice and control littermates were subjected to swim training, as described previously (12) . Each day consisted of two swimming sessions separated by at least a 4-h interval. Swimming sessions began with a 10-min duration on the first day. The swim duration was increased by 10 min/day until mice were swimming 90 min twice a day. Mice were trained for 32 additional days (42 days total).
Tissue analysis. All mice were euthanized after a 5-h fast. Trained mice were euthanized 1 day after their last swimming session. Hearts were harvested, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until further use. Heart weight (HW) and tibia length (TL) were also measured so that HW/TL ratios could be calculated.
Echocardiography. Cardiac function was assessed by echocardiography 1 day prior to the animals being euthanized. Two-dimensional echocardiography was performed using a high-resolution imaging system with a 30-MHz imaging transducer (Vevo 770; VisualSonics) in unconscious mice. The mice were anesthetized with 1.5-2% isoflurane and maintained thereafter on 1-1.5% isoflurane throughout the procedure. Two-dimensional echocardiographic images were obtained and recorded in a digital format and analyzed offline by a researcher blinded to the murine genotype. Left ventricular end-diastolic dimension (LVDd) and left ventricular end-systolic dimension (LVDs) were measured. Percent fractional shortening, which quantifies contraction of the ventricular wall and is an indication of muscle function, was calculated as %FS ϭ ([LVDd Ϫ LVDs]/LVDd) ϫ 100.
RNA isolation and gene expression analysis. Total RNA was extracted from the heart using the phenol guanidine isothiocyanate method (Trizol kit; Invitrogen, Carlsbad, CA) as per the manufacturer's instructions. Total RNA (0.7 g) was reverse transcribed for 1 h at 50°C with the Thermoscript RT-PCR system (Invitrogen, Carlsbad, CA). The reverse-transcribed cDNA was then amplified using an iCycler (Bio-Rad) with the Brilliant SYBR Green QPCR master mix (Stratagene, Palo Alto, CA). Relative quantification of gene expression was performed using the ⌬⌬ method with 18s rRNA as the housekeeping gene. All primer sequences are listed in Table 1 .
Heart lipid measurement. To measure tissue lipids, hearts were perfused with PBS and homogenized in at 4°C in 1 M NaCl buffer containing lipase inhibitors to prevent TG hydrolysis. Lipids were extracted from heart tissues (50 mg) according to methods modified from that of Folch et al. (14) . Heart TG and FFA were measured enzymatically using an Infinity kit (Thermo Fisher, Middletown, VA) and a NEFA kit (Wako).
Cardiac ATP measurement. Frozen heart tissues from 5-h-fasted mice were used to measure ATP. Briefly, the hearts were homogenized with 0.1% trichloroacetic acid and centrifuged at 4°C. Subsequently, the supernatant was isolated and 50 mM TAE containing 2 mM EDTA (pH 7.8) added. Ten microliters of supernatant was used to measure ATP. An ATP bioluminescent assay kit (Invitrogen, Carlsbad, CA) was used for ATP measurement.
Cardiac lactate measurement. Fresh heart tissues obtained after a 5-h fast were homogenized in lactate assay buffer (Sigma-Aldrich, St.Louis, MO), and the samples were centrifuged to remove insoluble material. Then samples were deproteinized with a 10-kDa MWCO spin filter to remove lactate dehydrogenase, and the soluble fraction was assayed.
In C]VLDL-TG was injected 45 min after labeled glucose was injected and blood collected at 45 and 60 min. At 60 min, tissues were excised after the body cavity was perfused with 10 ml of PBS by cardiac puncture. Radioactivity in the tissues was measured in a scintillation counter, and tissue uptake was normalized to 2-min plasma counts for 2-deoxy-D- [1- 
BNP, brain naturietic protein; ANF, atrial natriuretic protein; MCP-1, monocyte chemotactic protein-1; AOX, acyl-CoA oxidase; PDK4, pyruvate dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; PPAR␣, peroxisome proliferator-activated receptor-␣; CPT-1, carnitine palmitoyltransferase; DGAT1 and -2, diaclyglycerol acyltransferase 1 and 2, respectively. 6 counts intravenously. The labeled palmitate-BSA complex was injected at 25 min after labeled lactate injection and blood samples were collected at 30 s, 2 min, and 5 min postinjection.
At the conclusion of the kinetic studies, tissues were harvested, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until further use. Radioactivity was determined in 10 l of plasma and 200 l of tissue homogenate on an LS 6500 multipurpose scintillation counter (Beckman-Coulter).
Statistical analysis. All data are presented as means Ϯ SD or means Ϯ SE as indicated. Comparisons between two groups were performed using two-way ANOVA with Prism version 5.0. P value Ͻ0.05 was used to determine statistical significance.
RESULTS
MHC-GLUT1 prevents heart dysfunction. At 5 mo of age, hLPL0 mice had systolic dysfunction with a reduction in fractional shortening compared with age-matched controls (Fig. 1A) . This was associated with increased left ventricular end-diastolic and end-systolic diameter (Fig. 1, B and C) . MHC-GLUT1 mice had normal echocardiographic parameters. Remarkably, MHC-GLUT1/hLPL0 mice had improved cardiac function that was not statistically different from control (echocardiographic images are shown in Fig. 1D) . Thus, the dilated cardiomyopathy in hLPL0 mice was corrected by the MHC-GLUT1 transgene.
Gene expression in MHC-GLUT1/hLPL0 mice. We assessed mRNA levels of genes involved in lipid and glucose metabolism in MHC-GLUT1 mice and how these mRNA levels were altered on the hLPL0 background. At this age (5 mo), the mice have early heart failure. As we had noted previously (1), hLPL0 mice had a reduction in PPAR␣ mRNA levels, but differences in other mRNA levels were not significant, except for that of diaclyglycerol acyltransferase 2 (DGAT2; Fig. 2 ). The MHC-GLUT1 transgene on both the wild-type and hLPL0 backgrounds led to major changes in mRNA levels. PPAR␣ remained reduced compared with control. Pyruvate dehydrogenase kinase-4, an indicator of glucose oxidation, was increased in both MHC-GLUT1 and MHC-GLUT1/hLPL0 hearts. There was a trend for reduced mRNA levels of several FA oxidation genes such as medium-chain acyl-CoA dehydrogenase, CD36, and acyl-CoA oxidase, but carnitine palmitoyltransferase-1␤was not altered.
Lipid analysis. DGAT1 and -2 were reduced by the MHC-GLUT1 transgene; this would suggest that these hearts have reduced TG synthesis from FFA. However, even on chow, MHC-GLUT1 mice had an increase in heart TG and FFA content (Fig. 3, A and B) . It is possible that compensatory expression of other genes involved in TG synthesis or posttranslation modifications to DGAT1 and -2 may have occurred. Previous studies had shown that MHC-GLUT1 mice on highfat diets develop heart failure associated with an increase in heart TG (57). MHC-GLUT1/hLPL0 hearts have increased ATP. We postulated that greater glucose uptake improved heart function by increasing energy production. Although hLPL0 mice had a reduced level of ATP after acute afterload (5) under nonstressed conditions, ATP levels were not reduced. Surprisingly, ATP was increased in MHC-GLUT1 hearts and also in the MHC-GLUT1/hLPL0 hearts (Fig. 4A) . We expect that this improvement in energy stores is the reason that MHC-GLUT1 mice have improved function in the setting of ischemia-reperfusion (33) . In addition, the ability to produce more ATP from glucose is likely to have restored heart function in the MHC-GLUT1/hLPL0 hearts.
We assessed directly the reasons for greater ATP production by assessing glucose uptake. As noted previously, glucose uptake is increased in hLPL0 hearts; in this group of mice that increase was approximately threefold (Fig. 4B) . MHC-GLUT1 increased 2-deoxyglucose (2-DG) uptake ϳ4.2-fold and led to a significant increase above that in the hLPL0 mice (Fig. 4B) . Lactate levels in the heart were increased in hLPL0 hearts (see below) but not with MHC-GLUT1 expression (Fig. 4C) .
Exercise training improves cardiac function in mice with defective cardiac FA uptake. Exercise-mediated improvements in cardiac function are associated with alterations in energy substrate utilization. To investigate the effect of exercise training on the cardiac structure and function of hLPL0 mice, a 6-wk swim training protocol was begun at 3 mo of age. Both control and hLPL0 mice had greater HW/TL ratios, which was consistent with the development of exercise-induced cardiac hypertrophy (Fig. 5A) . Trained hLPL0 mice demonstrated significantly greater fractional shortening compared with their sedentary counterparts and led to a fractional shortening percentage identical to that seen in controls (Fig. 5B) .There was no difference in cardiac contractility between trained hLPL0 and control mice, reflecting normalization of cardiac function (Fig. 5C) .
Exercise training does not further increase cardiac glucose uptake in hLPL0 mice. We speculated that the improvements in cardiac function observed in trained hLPL0 mice might be due to an increase in the myocardial uptake of an alternate substrate. Since the hearts of these mice use more glucose than controls, we theorized that the improvements in cardiac function were due to the increased uptake of glucose by trained hearts, a process similar to that in MHC-GLUT1/hLPL0 mice. Although hLPL0 mice had increased cardiac 2-DG uptake compared with controls, exercise training did not increase glucose further (Fig. 6A) . Plasma glucose did not significantly change immediately after exercise in any of the mice (Table 2) . 
Lactate uptake is increased in the hearts of hLPL0 mice.
Lactate becomes an important fuel for cardiac energy metabolism during exercise (24, 46) (Fig. 6B) . Training did not further increase [ 14 C]lactate uptake. MCT-1, the major lactate transporter in the heart, increases with training and heart failure (2). MCT-1 mRNA expression was significantly increased in sedentary hLPL0 hearts (Fig.  6C) . Thus, hLPL0 hearts appeared to be programmed for greater uptake of lactate. Taken together, these data suggest that the increased capacity of hLPL0 hearts to consume lactate should benefit cardiac function most during exercise, when levels of plasma lactate rise drastically.
FFA uptake is not increased in hLPL0 mice. Since exercise via peripheral lipolysis generates FFAs that can fuel the heart, we assessed the effects of acute exercise on plasma FFA and TG levels ( Table 2 ). HLPL0 had higher circulating TG, with no differences in circulating FFA levels. Acute exercise increased plasma FFA in controls and in hLPL0 mice, whereas plasma TG levels did not change. We then measured FFA and VLDLderived TG uptake in controls and hLPL0 hearts. No differences in FFA or VLDL plasma tracer clearance were noted between groups. [ 3 H]palmitate uptake in hLPL0 mice was twofold greater than in controls (Fig. 7A) , and as expected, cardiac VLDL-TG uptake was reduced in hLPL0 mice (Fig.  7B) . Endurance training increased palmitate uptake and reduced VLDL-derived TG uptake in controls but did not affect the uptake of either substrate in hLPL0 hearts.
DISCUSSION
The heart is a metabolic omnivore that is capable of responding to physiological and pathological stresses by modulating its intake of various energy substrates. At rest, the adult heart relies primarily on FA derived from either circulating albuminbound FFA or lipoproteins. In contrast, ischemia shifts myocardial preference toward the more energetically efficient glucose. Whether this metabolic shift is beneficial in heart failure is unclear. Data from isolated perfused hearts that allow the quantification of FA and glucose oxidation by conversion of labeled substrates into CO 2 suggest that glucose utilization may be beneficial (34) . These studies are limited by nonphysiological levels of FA, albumin, and/or insulin in the perfusate, which likely affected the heart's preference for its fuel. In addition, the use of heparin to prevent the harvested heart from clotting has the unintended consequence of displacing LPL from its physiological location on the luminal endothelial surface (19) . Although attempts have been made to make perfusate buffers physiological, the concentrations of circulating factors often vary between laboratories and likely affect cardiac function and substrate metabolism. Previously, we created mice with a cardiomyocyte-specific knockout of LPL, leading to a defect in the myocardial utilization of TG-derived FAs and a compensatory reliance on glucose, a metabolic phenotype that mimics many forms of human heart failure. These mice, in response to age and increased afterload (2, 5, 56) , also develop cardiac dysfunction. Aside from lipid uptake, hLPL0 hearts also have defects in the uptake of cholesterol and fat-soluble vitamins (5) such as vitamin A, whose deficiency has been implicated as a cause of heart failure. In this study, we demonstrate that the provision of alternative substrates, either by increasing glucose uptake or through the exercise-induced uptake of FFA and lactate, prevents the onset of heart failure in hLPL0 mice.
Overexpression of GLUT1 in cardiomyocytes led to a 4.2-fold increase in glucose uptake as assessed by the uptake of tracer 2-DG. This increase was greater than that found in hLPL0 hearts (2) . By crossing the MHC-GLUT1 transgene onto the hLPL0 background, glucose uptake was increased, an amount that was sufficient to compensate for the defect in lipid uptake and to increase heart content of ATP. Although we assessed cardiac function only in female GLUT1/hLPL0 mice, we expect a similar preservation of cardiac function in males since increased cardiac glucose uptake was seen in male MHC-GLUT1 transgenic mice. It should be noted that MHC-GLUT1 transgenic hearts showed a 42-fold increase in glucose uptake when studied in isolated heart preparations (33). Therefore, these studies further illustrate the marked differences in heart metabolism seen when comparing in vivo and isolated heart measurements. Furthermore, because most glucose accumulated by the heart is used for oxidation, this discrepancy in uptake also illustrates the difficulty of correlating glucose oxidation data with in vivo metabolism.
Exercise training is beneficial in patients with heart failure (40) and improves exercise tolerance (27, 37) , quality of life (16, 43) , and cardiac structure (4, 46) . Training-induced benefits in heart failure have been attributed predominantly to adaptations in the peripheral circulation and skeletal muscles (52, 53) , whereas improvements in ventricular function have largely been ascribed to reverse remodeling secondary to afterload reduction and improved endothelial function (21, 22) . Utilization of various energy substrates by the heart may be altered by exercise training and could directly improve heart function. Acute exercise has been shown to increase cardiac utilization of glucose and lactate (43a), with an increase in FFA utilization as exercise duration progresses (17) . The effects of chronic exercise on substrate utilization patterns may differ. Responses to chronic training have been variable. Some studies have demonstrated increased FA utilization (7, 15, 38) , whereas others showed either no change or an increase in carbohydrate uptake (30) . These discrepancies likely reflect differences in species and the type of training protocol used.
The effect of exercise training on cardiac carbohydrate and FA metabolism in heart failure is largely unknown. One study in patients with idiopathic dilated cardiomyopathy demonstrated an increase in cardiac insulin-stimulated glucose uptake after training (44) . There are no similar metabolic studies in other forms of human heart failure. Myocardial FA utilization had been reported to increase with training in rodents (49). Iemitsu et al. (26) demonstrated that regular exercise in aging rats prevented age-induced decreases in PPAR␣ expression and subsequent age-induced heart dysfunction. Similarly, exercise training improved cardiac function in rabbits with myocardial infarction-induced heart failure; this was associated with greater FA utilization (8) . Therefore, changes in the amount or type of substrates for cardiac energy production might prevent or improve heart failure.
Because we knew that hLPL0 mice had cardiac dysfunction and an increased but limited capacity to take up glucose under pathological stress (56), we speculated that exercise training would act as a physiological stressor on these hearts, leading to more cardiac dysfunction. To our surprise, left ventricular function in hLPL0 mice did not worsen after 6 wk of swim training but actually improved. Our studies with a model of heart failure due specifically to a genetic loss of lipid uptake by the heart are consistent with other studies in both animal models of heart failure (11, 32) and heart failure patients that found exercise-induced improvements in cardiac ejection fraction (18, 24, 55) .
To explain the improvement in cardiac function in hLPL0 hearts, we explored changes in several energy substrates. We initially thought that training had increased glucose uptake, but our kinetic studies of glucose uptake did not support this. For this reason, we assessed the uptake of another cardiac energy substrate, lactate, whose utilization increases during exercise and heart failure (13, 23, 29, 43a) . Cardiac lactate uptake occurs via a carrier-mediated system involving the lactate transporter MCT-1 (3, 50, 58), with uptake being proportional to arterial concentration and all lactate acquired by the heart used for oxidation (48) . Since plasma lactate levels are highest during active exercise, this increased capacity to utilize lactate should be most advantageous during exercise.
Consistent with these studies, we found that hLPL0 hearts had an increased capacity to take up radiolabeled lactate. We also found increased cardiac mRNA expression of MCT-1. However, we did not find an increase in radiolabeled lactate uptake with training in control or hLPL0 hearts. Thus, it may be that levels of circulating lactate and not the transporters are rate-limiting in the cardiac acquisition of lactate. Moreover, because lactate utilization by the heart competes with FA oxidation (6) , lactate use during exercise may mask any metabolic deficiencies in resting hLPL0 mice.
During exercise, peripheral lipolysis in adipose tissue raises plasma FFA levels, which can be utilized for energy by the heart. Since hLPL0 hearts have a defect in VLDL-derived FA and not FFA uptake, we also wondered whether these hearts had an increase in FFA uptake. hLPL0 hearts at baseline have an increase in radiolabeled palmitate uptake compared with controls; to some extent, this is likely due to a lack of competition between the tracer and unlabeled FFA generated by LPL-mediated hydrolysis of lipoprotein TG. Six weeks of training increased the uptake of labeled FFA in control hearts but not in hLPL0 hearts. Since hLPL0 hearts already have increased FFA uptake at baseline, the higher plasma FFA levels generated during exercise likely lead to greater cardiac uptake of this substrate. Taken together, we believe that in addition to other exercise-induced benefits on the failing heart such as improved endothelial function and oxidative stress, the uptake of energy substrates such as lactate and FFA can augment the function of the failing heart.
In conclusion, we describe two methods to compensate for reduced lipid uptake into the heart. hLPL0 hearts replicate the reduced FA uptake that is thought to be the "metabolic switch" seen in heart failure. In hLPL0 mice, this defect appears to cause energetic deficiency that leads to heart failure and can be ameliorated by increased uptake of glucose. Our findings also indicate that exercise is able to take advantage of the heart's increased capacity for lactate consumption by generating lactate peripherally, which then serves as an alternate energy fuel. Therefore, exercise training provides hLPL0 hearts with regular boluses of lactate and FFA, which serve to fuel the heart. Although controversial because of the greater oxygen requirements for lipid oxidation compared with glucose use, our data suggest that methods to prevent defective FA use might be a preventive strategy. However, once heart failure and reduced FA oxidation develop, another method to improve function may be to encourage the cardiac utilization of alterative substrates.
